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ABSTRACT 
of the 

Dissertation on 

VISIOPLASTICITY ANALYSIS OP ROD DRAWING 
Submitted in Partial Pulfilment of 
the Requirements for the Degree 
of 

MASTER OP TECHNOLOGY IN MECHANICAL ENGINEERING 

by 

RAKSSH SHARMA 

Department of Mechanical Engineering 
Indian Institute of Technology 1 - , Kanpur 
August 1980 

Rod or wire drawing has been practiced by mail since time 
immemorial but research in this particular field has been 
scanty and sporadic. The present work was aimed to study 
mechanics of red drawing by visioplasticity technique and 
to compare the results so obtained with those obtained 
experimentally . 

The visioplasticity technique suggested requires the 
flow pattern of the deforming material and from it the velocity 
field is obtained. The strain rates and stress can then be 
calculated by considering the equilibrium and plasticity 
equations. Plow patterns have been obtained by carrying out 



rod drawing experiments with lead rods split exactly on the 
dimetral plane. One of tne diametral planes was inscribed 
with fine parallel lines, 

.An HM'JD lathe was modified to work as a draw bench to draw 
lead rods through a split die fabricated to give 10 per cent 
reduction. Experiments were carried out at various drawing 
speeds under dry conditions. ’Do obtain instantaneous values 
of drawing and separating forces simultaneously, a disc 
dynamometer was specially designed and fabricated. 

A numerical technique was evolved to theoretically 
evaluate the velocity and the stress fields within the 
deforming region. Theoretical separating force was evaluated 
from the stress field thus obtained. Theoretical results 
show reasonably good agreement with the experimental values* 
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INTRODUCE I OB 


1.1 IbSRODiJCflQH 

Visgoplasticity is an experimental method for 
determining stresses and strain rates in a deforming body. 

In this method the velocity vector field is established by 
experiment and the stresses tire calculated therefrom. I'his 
can be accomplished in a number of ways : for example, by 
placing a grid pattern on the meridean plane of a cylinder 
or on a plane at right angles to the metal movement, as in 
plane-strain problems, and observe its rate of distortion. 

She plane on ’which the grid lines are placed is photographed 
after each incremental forming step and the particle movement, 
as represented by the new positions of the grid line inter- 
sections, is observed. 

A few such incremental steps are usually sufficient 
to obtain an adequate flow pattern. If the flow is nonsteady, 
only one small forming step can be used| otherwise the flow 
pattern will be incorrect. It must be observed that grids 
deformed in a finite step cannot be use a in the analysis if 
the deformation is nonuniform. Having established the instan- 
taneous particle flow field, as shown in Pig. 1.1(a), subsequent 
analysis will lead to the determination of stress and strain- 
rate paftems. 
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Let the velocity of a particular grid-line inter- 
section be given by V and its components in the x,y coordinate 
directions by u and v, as shown in Fig. 1.1(b). It is assumed 
that it is possible to measure the velocity V and the angle 
of inclination of the velocity vector with the x-axis. 
Consiquently , u and v can be obtained for any desired point. 

(u and v are thus velocities and not displacements). If the 
points at which the velocities are known are sufficiently . 
close together, it will be possible to prepare the following 
graphs : 

Yu versus x; v versus x^ 

u versus y; v versus y. 

I 



components on a central plane are sufficient for the evaluation 
of forces. 
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1.2 7 iftRR OR ROD DRASIIIG 

Wire or rod drawing is a process of pulling a 
cylindrical work piece through conical die which results in 
the reduction of. its cross section and increase in its length. 

The drawing operation nay be accomplished with or without a 
back pull* If a back pull is applied to the bar or wire at 
its entrance section, it aids materially in the possible 
reduction per pass. Wire drawing is normally a cold working 
process in which close tolerances and a good surface finish 
can be produced in the drawn wire. 

In order to resist wear, dies are usually made of 
tungsten carbide, but diamond dies are also used, especially 
for diameters below 1.4 mm (0.055 in.). The die profile 
affects the drawing force, and in industrial practice usually 
has a bevel-mouthed shape. In order to simplify analysis of 
forces, energy consumed, split forces etc. the die shape is 
generally assumed to be conical. 

The early work in wire drawing was concerned 
principally with the relationships of drawing forces and power 
for various drawing conditions. Later, in 1928, G, Sachs [lj 
analysed wire drawing by the slab method and obtained a solution 
for the drawing stresses* sporadic work on forces and deformation 
in wire drawing was reported over the years. Cook and 
Wistreich [2] measured the die pressure in wire drawing by 
the use of photo elastic methods. However, visioplasticity 
teehnique to predict the forces oc curing during the process 
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of wire drawing has not been so far utilised. 

In the present work an attempt has been made to 
predict by visioplasticity technique forces occuring during 
the process of rod drawing and to compare them with the 
instantaneous forces actually measured during the process. 




>* 


G H A P HER- 2- 


ul.rlrW. 


}Ri OP T I SI OP LAS 'I I CITY 


2.1 AKAbYSIS 


Per static equilibrium summation of all the forces (P 
in each of the three perpendicular direction is individually 
equal to zero. Expressed in symbolic form. 


IP = £ p = IP - o 
X Y S 


( 2 . 1 ) 


Investigation of the particular condition I t = 0 results in 

0O r 5 X_ 

( c -. r + g 5 ~ dx) ay dz + (x + —2E dz) dx dy 


zx 


dz 


3 t 

+ (t w + ^SS. dy) dx dz - dy dz 


yx dy 


T zx dy dx " T yx ds 


dz = 0 (2.2) 

where o and t represent direct and shear stress values . respe- 


ctively. Simplification cf equation (2,2) results in 


do dx d* 

x , yx . zx _ 
dx dy . dz 

Similarly it can be shown thai 


Os 2 P x = 0 


(2.3) 


3 T OCT 8x 

Lm. + li, + Lssl 

dx dy dz 

and 


0; I P,_ 

y 


o 


(2.4) 


dx ox do 

— hAL + X£L -t- S. 

dx dy dz 


0; £ P, 


0 


(2.5) 
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For the case of plane strain, the equilibrium equations (2.3), 
(2.4) and (2,5) reduce to 


12s 

on 

So. r 

8y 


+ 



o 

o 


'2 f e ) 


(2.7) 


o cm 

j 

as 


o 


( 2 . 8 ) 


After plastic deformation of a rigid plastic material, 
its volume remains constant , which means that the sum of strains 
(e ) in the three perpendicular directions is zero, (ihe linear 
strain invariant oGj takes the following values. 

i) If the strains are plastic, then SS^ = 66 m and the 
mean strain becomes 

36G-J- = 6G X + 6G y + 66^ = 6 X + C y + G 2 = ( 2.5 ) 

where V is the unit volume of the material and 6V/V is known, 
as the dilatation. However, if the strains are plastic we may 
write 

66 + 66 + 6G = 0 (2.10) 

x y z v 

or 

6G 1 + 66 2 + 6G S = 0 ) (2.11) 

Analogous equations also hold for strain rates and finite 
strains; that is 

* ' * # 

e v + 6_, + = 

x y z 


0 


(s.ie) 
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or 


or 


'x 


e y + S s 

= 0 

(2.13) 

strain, 

. 

« a = o 

(2.14) 

CD 

1) 

O 


" ®y 


( r » lo ) 


Strain increment tensor dG . . is related to deviatoric stress 

tensor a'. . by the equation 
3-3 

de ij = dl (2 - 16) 

where dx is a parameter which usually changes during the 
deformation, or 


where 







(2.17) 


(2.18) 


9 

Here the effective strain rate (g) and the effective flow 
stress (a) are defined as 


* 

G 


= f f | (G x -Gy)^ + (e y - 6 2 ) 5 + + £ r* y (2.19) 


TT2" 


and 


= f 


1 

2 


(0 „a )* 
K x y ' 


+ ( c 


a )' 

z J 


+ ( CT , 


-a )' 
x 7 


+ 3(T 2 +t 2 +T 2 ) 

v xy yz zx' 


( 2 . 20 ) 


For plane strain deformation equation (2.19) and (2.20) reduce 
to 
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2 , r T7r~'5T^ 
2 v o e„ + 2- Y. 


xy 


( 2 . 21 ) 


since 


e x " ~ e y arid e z “ 0 


and 


s mce 


- , r t"7 

<* = v r C® x - ° y J + 3t x 

cr a 

a = J£—X 
z 


(2.22) 


Substituting (2.21) and (2.22) in (2.18) and the result ini 
(2.17) yields 


| | (V?) 


(8.23) 


®y ~ I I (G y + p) 


/ o Q/J \ 


= 3 - (t ) 

« k xy' 


’xy 


(2.25) 


where the hydrostatic stress (p) is 


- 5 t’ ? + "y + ’ z > 


Eleminating p in equations (2.23) and (2.24) gives 


(e x - e ) = | = (® x - %) 


( 2 . 26 ) 


and solving for 0 yields 


a = cr + £ a ( 

x y 3 v 


? — 6 5 

* ~ / x -_l) 


(2.27) 


Differentiating with respect to y, equation (2.27) yields 


So p a S„ “ 6 

— a — i + 2 5^ /_X X) 

ay ay 3 e/o 


( 2 . 28 ) 
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Differentiation ox equation (2.25) with respect to x yields 


ox - ? y 

= £ id- (-£&) 

3x 3 3x “ 

Substituting equation (2.2 0) in equation (2,7) gives 


( 2.29 ) 


Lx . . fsr, . i X. ( lxv) 

3y 3x 5 c;c l , ; 


( 2 . 30 ) 


substitution of equation (2.30) into (2.28) yields 


uo x _ 2 
By " 3 


[ay ( 7“J ; “ 2 ex ( rt } 


(2.31) 


e/a e/a 

The right hand side of equation (2.31) can be evaluated for 
any point in the flow field for which the strain rates have 
been determined and for which o is known. Integration of 
equation (2.51) yields 


a = | / I" (~?-.i-) - i (.^3L) I dy + K(x) (2.32) 

x 3 I 9 y • - 2 ax v . _ ' J J v v 

y l e/a 6/a 

Inis equation was first derived in this form by 'fhonsen and 
L ap sley [ 3 ] . In equation (2.21), K(x) is given by 


x 3 


^•°x J y=y 1 


( 2 . 35 ) 


Boundary Conditions : 

If a is known at a point (x^y^) in the plastic zone IC(x) 


can be determined as follows : 
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8 °x _ 2 3__ 

cix” 3 3X u 


r J 3 A - e X) _ i JL- (-2^)>ay + gy 7--'-^ 

R S A {~r~ > 2 V i ; ~ J 

u yi *■' s/° °/ 


n.-^ r . /o 25) with respect to y gives 
Differentiating equ^ti^n U*^°' 


A:i = 1 o (A 

5y c oy 


7° 


0 T„,; 


c v -M-ntiri^ — from (2.35) into (2.6) yielas 
S uAs w i ^ u gy 


a a. 


6t. 


eST " " ay 

da 


s . - 1 1- (-=) 

3 oy • _ 

e/ a 


. , .a. tinp- — >■ ~ 'Prom (2.36) into (2.34) & i^- 

Substituting v 

r J 


2 a 
5 ax 


7 t j_ (7-rX.) _ 1 1- (^)j «?] 
-7 01 g/o f/- 

dK i a... 2m.) = o 
+ 5 x h S ay u 
e/a 

substitute y = J’l * nation (2 - S7) yleldS 


A=y x + 


i L. i.M) 

3 6y • - l y=; 


= 0 


e/° ly=y i 

Integration of equation (2.38) yields 

m 

X IT T 

f 

X 

where 


1 r r <L (l2>h)l dx + a. 

i ay a - Jy=y. 

! U e/a J J 1 


x. 


a - a x X = X 1 

X Q y = y x 


( 2 . 35 ) 


(2.36) 


(2.37) 


( 2 . 33 ) 


( kl .Ob' ) 


( 2 . 40 ) 


j. • „ /p S9 ) into equation (2.3«0 gives 
Substituting K(x) from equa-ion (2.39) 
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, v 2 r y p 5 / £ x ~~ G Z.) __ i.L (J21) 

0 (x,y) = 5 J ■ gy V " > 2 ox J 

y X L &/« S/a 


Xi e / •' 


dx + a 


(2.41) 


The other normal stress component o y is obtained by substituting 

a from equation (2*41) into equation (2*27) 

X * o 

, , 2 / S x ** b y \ (2.42) 

° y ( x »y) = °x - y (“~ j 


The shear stress component is obtained from equation (*-.2o), 


_ 1 /IsL't 
‘xy " 3 


(2.43) 


It is seen from equations (2.41), (2.42) and (2.43) that the 
stress field in the plastic zone is established, provided 

(a) the strain rate field throughout the plastic zone is known, 

(b) the effective stress a is known throughout the field, onu 

(c) normal stress component is known in the plastic zone at one 
point . 

s/hen the velocity field is known, strain, rate field 
can be obtained from the following relations : 


e x = 6x 


(2.44) 


3 U y 

£? sz m*** jZm . 

b y ay 

y - is + n. 

xy ay ax 


(2.45) 


(2.46) 
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where u and a are X ana Y components ox velocity for any 
arbitrarily chosen, cartesian coordinate axes (x,y). 

The problem at hand cannot be dealt with easily in 
the cartesian coordinate system as the stress distribution in 
this case has an ax ial symmetry as shown in Fig, (2.1) with 
stress on the centre line at point ’A’ as zero. The strain 
rates to be determined here are 0 2 , Q $ e r and Y zr . The hoop 
strain rate e a can be obtained from the volume contancy rela- 
tionship as and e r are known. If we call the radial 
direction as r, then = 0 at the point A r = 0. 

To make the problem of axial symmetry analogous to that 
of plane, strain, the following simple substitution are to 
be made in equation (2.44), (2,45) and (2.46) : 


S-v "* » 


(2.4?) 


e y "* e r 


Y - Y „ 

xy zr 


(2.48) 

(2.49) 


jBy making these substitutions, aquation (2,41) becomes 
r 


1 = §{ [h ( 


jC. 

f 


z n >- 

o 


9_ 

dr 


6 n “* fc>y, 6 v» *“ Sq 1 r| 

— — -) - (- i) - i jL 

• _ * _ 6 0Z 

Q/a re/cr 

• « 

(_5£) + 22L*1 dz + c 

t/o r(G/o) Jr=r l 




Z0 


(2.50) 


r i Z - 2 o 

a = I o j u 
z0 z r=r 1 , 


where 


is known 
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Effective stress a can be found from material tests, Thus it 
is seen that stress field is obtained once the velocity field 
is established. 

2.2 PL 0,i E'J-CTIU. METHODS 

This method was developed by Snabaik and Thomsen [ 4 ] 
for analysing extrusion problems by visioplasticity technique. 

In the present work, lines were drawn on the dimetral 
plane parallel to the length of the rod (along the s-axis as 
considered in the cylindrical coordinate system) which was 
also the direction of the drawing velocity. 

Plow function <P' for any flow line is defined as volume 
flow rate per unit width of the workpiece between that flow 
line and a datum flow line. Considering the problem in 
cartesian coordinate system, for ease in establishing the theory. 

<*>' = J u dy (2.51) 

Since the flow is steady (that is time invariant), from volume 
constancy conditions, flow function is constant along a flow 
line that is d^' =0. In the steady state is only a function 
of x and y, therefore, the differential d <j>‘ is given by 

d <j> 1 = dx + — dy =0 (2.52) 

Also at any point along flow line 
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where t Q is the initial spacing up stream from the reference 
flow line and V Q is the drawing velocity. 

Prom equation (2.42), is obtained for each flow line. 
Velocity field can then be obtained using the relations (2.55) 
and (2.57). 

^ Plow function method has two inherent advantages, 
a) It presumes volume constancy condition. 'I'll is excludes 
need to modify the strain rate field so That it satisfies 


the 



16 


equation (2.15), b) only one set of parallel lines need be 
scribed. In other methods usually two sets ox perpendicular 
lines have to be scribed. 

For the sate of completeness, few other methods for 
establishing velocity field are discussed. 


2.3 SOME OTHER METHODS FOR ESTABLISHES VELOCITY FIELD 


(a) Method of Incremental deformation : 

Thomsen and Lapsley [ 3 j used a split lead billot 


for extrusion with souare grid inscribed on the meridian plane. 
After each incremental deformation the billet was opened and 
the deformation was recorded, later by superimposing the 
successive grid patterns, they obtained the velocity field. 


(b) Palmer and Oxley's method : 

Palmer and Oxley [5] used cine’ film to record paths 
of the individual grains on the side of a machined worlcpiece. 
Stream lines (or flow lines) were plotted by tracing the paths 
of a number of particles as they moved through the deformation 
zone. The inherent disadvantage of this method is that it 
results in a flow pattern, the different parts of which refer 
to different instant of time. 


(c) Zorev's methods 

Zorev [6j obtained steady state pattern of a grid 
originally square with abscissae parallel to the cutting speed 
V 0 Fig. 2.3. 
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He further assumed that the average absolute velocity between 
any two network nodes 1 and 2 along the same flow line is given 
by 


V = V 


a_ 

o a” 


( 2 . 59 ) 


where a Q and a are unde formed and deformed grid spacings. 

The X and Y components of velocity are then given by 


u = -2- a cos a 
-* a o 

V 

u = ^ a sin a 
* o 


(2.60) 

(2-61) 


where a is the angle made by the tangent to a'a flow line with 
X-axis. 


Differentiation of equation (2.60) and (2.61) with 
respect to x and y respectively yields the strain rate 
components. 


Su 

Q = £ 

b x 6x 


v 


o 


da 

,9x 

3a 


cos 


a 


a sib a 


xy 

s \ 

a. 


Qu v 

^ = % L5f a + a cos “ 5 


au x au y 
ay n + ax"“ 


3a 

ax 

aa 


x” 


a- 


sin a( 


8a 

Sx 


3a 


a3a \ ,3a oa 

— - — ) + cos a (v“ + a ~ i -) 

ay' v ay ax' 


(2.62) 

(2,63) 


(2.64) 


This technique gives fairly accurate results if the original 
grid spacings are sufficiently narrow. 
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(<i) Das, Ghosh and Ghosh's Method 

Da.s, Ghosh and Ghosh [7j employed a variation of 
Zorev T, s method for a case of axisymmetrie extrusion, iiiey 
assumed a linear velocity variation between consecutive network 
nodes along a flow line. 


Let s (?ig. 2,4z) be the original grid spacing and V be 
the billet velocity. Also let Sgg Le spacing between two nodes 
22 and 32 in the steady state deformation pattern. It is 
assumed that velocity upto node 22 is already computed. The 
average velocity of' the material particle while moving from 
22 to 32 is given by 


V 22av = Y * (S 22/ S > ( 2 .65) 

which is the same as equation (2,59). Since the velocity 
between two nodes is assumed to vary linearly, the velocity at 
a distance x from node 22 along flow line is given by 


TT » 

at - v 22 + §■ 


wnere Ay „ = v «. v 

22 v 32 v 22 


AV 


22 


22 


( 2 . 66 ) 

(2. 67) 


Integration of equation (2.66) yields 


dx 


— t + 0 


v i ES 

22 Sgg 

where C is the constant of integration 


( 2 . 68 ) 
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or 


v 22 + 


AV 22 t 

5 — — .X s= o + C 

b 22 


(2.69) 


Choosing x = 0, at t = 0, yields, from equation (2,69) 


°Q9 


AV 


1 4- 


22 


V 


22 


(2.70) 


Ihus the time tgg required for a particle to travel from node 
22 to node 32 is given by 


S 22 


22 AV 


22 


. An 


AY 


1 + 


22 


22 - 


(2.71) 


Average velocity, therefore, between nodes 22 and 32 is 


22av 


22 

^22 


S 22 AV 22 




1 + 




T 


22 ■ 


(2.72) 


Comparison of equation (2.65) and (2.72) yieidc 



AV 


22 


An 


pi + 4, 22l 

• «- 22 -1 


(2.73) 


Let AY 22/ V 22 

becomes 


and 
1 ? v 22 


22 


= C then equat 


ion (2.73) 


- C .£n (1 + x) = 0 (2.74) 

Thus the velocity can be computed for each point by solving 
equation (2,74) by usual numerical methods. An extension of 
this process with modifications has been used in the present 
work as would be evident from the following chapters. 
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(e) Childs 5 method : 

Childs [ 8 j developed a noval method for obtaining 
velocity field in the deformation zone during orthogonal 
planing experiment. A grid of squares is inscribed on the 
side of the workpiece and while it is being deformed by a 
cutting tool, it is observed through a microscope, side flow 
is prevented by a toughned glass plate. Two photographs 
one taken a known time interval after the other, enables 
measurement of velocity from the displacement of the grid 
crossings. Both photographs are recorded on the same frame 
of the film, using dark field microscopy, ‘ihe camera has no 

shutter. The guided spark flash guns have flash duration of 

—6 

2.0 x 10" sec. which limits the maximum possible cutting 
speed to above 95 metres/nin. (300 ft/min.). 

She methods discussed so far for obtaining velocity field 
can only be applied to steady state processes, fork has also 
been done on unsteady process. One of the vis ioplasti city- 
techniques for unsteady processes is due to Santos and Organ [9j . 
They have applied it for the deformation of ductile fracture 


process 
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Fig. 2*3 Velocity distribution (Zorev 7 s Method) 
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CHAPTER - 3 


EXPERlIinL TAL SET-UP 


3.1 INTRODUCTION 

Tile experimental set-up consisted essentially of two 
major portions, a) A rod drawing mechanism and bj a special 
type of dynamometer' which could measure the drawing force 
and the separating force simultaneously and independent of 
each other. 

At the on-set of experiment neither a rod drawing 
machine was available nor a suitable dynamometer existed which 
could measure the drawing and separating forces simultaneously. 
The experimental set-up was, therefore, designed on a straight 
bed model LB 17 HUT Lathe which had ten HP available for 
drawing purpose. The machine was set-up as a draw bench and 
a disc type dynamometer was specially designed for measuring 
the drawing and separating forces independently. 

3.2 DESIGN OP A DISC TIPS DYNAMOMETER 

A dynamometer is used in order to measure the instant- 
aneous values of forces occurring while material is being drawn 
through a die. It is usually most convenient to measure these 
forces relative to a set of two or three-dimensional rectangular 
co-ordinates. The important requirements for any dynamometer 


are 
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a) High sensitivity 

b) High rigidity 

e) linear relationship between magnitude of the force 
being measured and readings in the recorder, with 
no hysteresis phenomenon 

d) Ho cross sensitivity amongst the various forces 
being measured 

e) Stability relative to time temperature and humility. 
Several types of dynamometers satisfying the above requirements 
have been developed in various respect projects but none of 
these designs were suitable for the present work. 

To measure both the drawing and the separating forces 
a two component dynamometer with semiconductor strain gauges 
was designed and fabricated. It consists of an elastic disc 
in the centre of which a 12 degrees taper hole is made to 
install a tapered split die with an ourside taper of 12.5 degrees. 
The die fits in such a way that it remains exactly midway 
between the central boss. 

The details of this disc dynamometer is shown in 
figures 3.1(a) and (b). The main part of the dynamometer is 
an elastic disc which is supported at its periphery. A split 
die is installed on a circular boss in the centre of the disc. 
Twelve strain gauges are attached to the two surfaces of the 
disc as illustrated In the figure. 

AA’BB’ are the strain gauges for the measurement of the 
drawing force while CC'DD* measure the separating force. 
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Strain gauges EE'?!** are dummy gauges installed for the bridge 
formation for the separating force, This dynamometer is set 
before the drawing ran of a rod drawing machine with a 
suitable support to take the elastic load of drawing, 

fhe principal of Independently measuring the drawing 
and the separating forces is explained as follows. 

ihe drawing force deforms the disc in a spherical form 
as shown in fig. 3.2. To measure the separating force the 
thickness of the disc is reduced to 1/3 of the original over 
a small area i.e. small niches are made on either side of the 
disc by removing about l/3rd of the metal from the surface 
equidistant from the centre and dimetrically opposite each 
other. The strain gauges are placed in these niches. By 
doing so the sensitivity of the niched area increases conside- 
rably as the magnitude of the separating force is small 
compared to the drawing force. 

The two halves of the split die are positioned in a 
manner to face the strain gauges in the niches. When the die 
is loaded, the two halves produce a compressive force on the 
gauges which is then transmitted to the recorder. 

The connection of the wires for the strain gauges and 
deflection of the disc during drawing are shown in figures 3.4 
and 3.5 which correspond to the measurement of the drawing 
force and separating force, respectively. 
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Strain gauges ABA’ 3' ,for the drawing force, are 
connected as shown in fig* 3.4. According to the deflection 
of the disc, due to the pull caused by the drawing force, 
strain gauges A and B are put in compression and A f B’ are 
put in tension. Ibis causes an imbalance in the bridge and 
an output proportional to the magnitude of the drawing force 
flows through the recorder. Even if the separating force 
deforms the disc, strain gauges AA’BB* are subjected to the 
same magnitude of compression and the balance in the bridge 
is not affected. 

as is evident from the Big. 3.5, all four strain gauges 
would deflect in the same direction. Hence a pair of dummy 
gauges are mounted on the disc to obtain the difference between 
static and loaded conditions for the separating force as 
depicted by the bridge diagram of Fig. 3.5. where will be no 
effect of the drawing force on this bridge because compression 
caused in G and D will be nullified by the tension caused in 
O' and D* , respectively and an output proportional to the 
magnitude of the separating force will flow through the bridge. 
Thus both the drawing force and the separating force could 
be measured independently. 

The two forces can also be measured with only sis 
strain gauges AB’CDE and F in place of the twelve strain 
gauges, but the sensitivity of the measurement will be reduced. 
The bridges are fully compensated for any change in rcsistenee 
due to temperature because of the symmetrical connection of 
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the bridges. Further, this dynamometer involves no friction. 
3.3 DEl’OBMATIGU OF DYE'MIOlffii'ER DISC : 


The type of deformation of the disc dynamometer designed 
was analysed theoretically following the analysis proposed 
by Okushima and Hitomi [10] and the best position for attaching 
the strain gauges was determined from the theory of elasticity. 

The disc dynamometer is shown schematically in Fig. 5.6. 
The diameter of the disc is denoted as 2r^ and the thickness 
of the disc is denoted as t, The periphery of the disc is 
supported rigidly. The split die is installed on a rigid 
circular boss of radius r Q in the centre of the disc. 

Deflection due to drawing force 


Drawing force P deforms the disc dynamometer as shown. 
Tensile or compressive strain at an arbitrary point on the 
surface of the disc, whose distance from the centre is in is 


expressed as 


o 2 2 

2 . „ r r. 

to = + ~ ~ ( an r g— J- 

r o m^E ** t 2 r 2 r 2 


1 1 

r 2 

o r c 


2 2 
r 2-n r - rtr to r. 
o o ,1 1 

+ jr~ — 2 

r l “ r o 


+ 1 ) 


(3.1) 


where minus sign is for tensile strain at surface I and the 
plus sign is for compressive strain at surface II and 3 is 
Young's modulus of elasticity and m is Poisson's ratio. 
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Considering the tensile strain at surface x , the 
function of the strain is a decreasing function in respect 
to radius r, because 


ae r 


rsfr 1 

m 2 E 


3_ 

2tz 


P 

7 





r i ? * 

£11 

o r - 


< o 


\ ,b.2; 


Therefore , the maximum value of the tensile or compressive strain 
on the surface of the disc exists at the edge of the rigid boss, 
namely at r = r Q , and is expressed as 


e 


r 


o max 


+ 


m 


h-l 3_ p 
2 * ^ 





(3.3) 


where the plus sign is for maximum tensile strain at surface I 


and minus sign is for the maximum compressive strain at surface 
II. 


When the disc is subjected to the drawing force, it is 
deformed as shown in Pig. 3,7. The deflection ar an arbitrary 
point on the centre surface of the disc whose distance from the 
centre is r, is expressed as 


1.13 P 
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(3.4) 


The 


This deflection is a maximum at the edge of the boss, 
equation for the maximum deflection of the disc due to the 



29 


drawing force is obtained from the above equation putting 


r = r Q . Hence, 

m 2 _i 3 p p 2 
"max =^7 4^^ L r l 


4r? r 2 




r l- r o 


(5.5) 


The separating force is unidirectional and is maximum 
along a radial line cutting the two halves of the split die 
at their mid points. 

The best position for attaching the strain gauges is 
the periphery of the boss in the centre of the disc for the 
drawing force and the strain gauges for the separating force 
can be fitted anywhere on the disc after making the niches as 
discussed earlier. 


3.4 CONSTRUCTION OP THE D YEAMC&iE TEEL 

To construct the dynamometer a square plate of mild 
steel having the dimensions as 320 x 320 x 12.5 (thickness) mm. 
was taken. The point of intersection on its diagonals on its 
two faces were located, and two circles of radii 40 mm and 
100 mm were marked on it. Metal was removed equally from both 
sides on a lathe till the thickness was reduced to 6 mm (Pig. 
3.6). A 20 mm. tapered hole was made in the central boss at 
a taper angle of 12 degrees to hold a split die. 

Semiconductor strain gauges were attached on to it 
as shown in Pigures 3.4 and 3.5. For attaching strain gauges 
as shown in Pig. 3.5 metal was further removed equally from 
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both faces of the disc till niches only 2 uaa thick were formed* 

The niches were made at r = 70 ram, 

with the disc only 6 ram thick the maximum deflection 
of the central boss for 1 Kg. force was evaluated by equation 
(3*5) to oe 0.6 * 10 ^ mm. Since the material was mild steel. 

It was assumed that the poissons ratio m = ^2. and Young’s 
modulus of elasticity E = 2,100,000 Kg*/em 2 . 

She plate of 320 mm square was y/eldea on an angular 
support so that it may be held in a vertical position in front 
of the rod drawing ram, She plan of the supports for the 
dynamometer is shown in Eig. 3,8. 

The sensitivity of a disc dynamometer of this type 
depends upon the diameter and thickness of the disc and the 
diameter of the rigid circular boss. She larger the diameter 
of the disc, and the smaller the thickness of the disc and the 
diameter of the boss, the more sensitive will be the dynamometer. 
However, in this manner, the deflection of the disc increases 
which in turn gives rise to second order interference in the 
strain gauges and the cross-sens ivity between the channels 
increases. Keeping this in mind an optimum diameter raid thickness 
are to be chosen. Since in the present work forces above 400 
Kgs. were not be encountered, the above mentioned dimensions 
were chosen which gave a moderate deflection i.e, 

6 at r = 40 ram as 0,6 * 10“ mm. 

r o 

o max 
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3.5 DYNAMOMETER CA1IHRATI01? 

After the dynamometer was assembled and the stream 
gauges fi'cted as described, it was placed on four equally high 
supports at its four corners. The two bridges were connected 
to two channels of an Encardio-Rite recorder. Dead weights 
were placed on the central boss of the dynamometer in increasing 
steps of 10 Mgs. up to a maximum of 70 Kgs. and then removed 
in steps of 10 Kgs. This gave a plot for both loading and 
unloading of the central boss for the drawing force. The 
readings obtained in the other channel in this position gave 
the cross sensitivity error to be corrected from the readings 
of the separating force. 

To calibrate for the separating force, a wire hook was 
put through the tapered hole of the dynamometer whose other end 
was firmly clamped through the hollow spindle. Another hooic 
having a calibrated spring attached to it had one of its end 
fixed to the tapered hole of the central boss and the ether 
end was clamped to the tool post. In this way known load could 
be applied just by moving the carriage of the lathe. Care was 
taken to pull the spring loaded hook in the direction of the 
line joining the two niches. This gave the separating force 
and the cross sensitivity due to this was read in the graph for 
drawing force. 

The calibration curves for the drawing and separating 

forces are given in Figures 3.9 and 3.10. The curves in bpth 

« r u f 1 

the cases are linear and the cross-sens it ivityy^tfeeen the 

£% £|M8 i 



was found, "to be less 'than 3 percent:. 

3.6 . WIRE DRAWING MACHINE 

A machine to draw a 12.5 mm thick wire was not available. 
An HMi' lathe model LB 17 was modified to work as a draw bench. 
Details of this machine ere given in Appendix A. 

fhe tail stock bed was first fixed as near the cm; cl; 
as the bed would permit. On this bed the dynamometer was 
bolted down so that it may be held there rigidly. A long clamp 
was made to hold the end of the 7/ ire (rod) on the smaller side 
of the die. This clamp was held on the total post on the 
carriage of the machine. The rod was fed through the hollow 
sp indie , 

Once the rod was held in the clamp and the carriage given 
an auto feed the rod could be drawn while the two forces could 
be recorded. Knowing the gear combination used the velocity 
at which the wire was being drawn was known. 

3 . 7 ’.YORK MATERIAL 

Lead was used as the rod material since it closely 
approximates rigid plastic material behaviour. A stress-strain 
curve from the compression test of work material and its rigid 
plastic idealization is shown in ^ig« 3.9. 

It was required to have the rod cut exactly through the 
diameter. To overcome this problem, two strips 12.5 mm * 6.25 mm 
x 300 mm wire taken. By combining these together a square of 
12.5 mm x 12.5 mm x 300 mm was obtained, corners of which were 
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rounued oxf to ob cam a red of 12,5 nm dia split at the 
diameter. 


The two flat 


laces were smoothed first with fine emery 


paper and then polished with 200 mesh alumina powder soaked in 
oil and applied oy a leather piece. The next requirement was 


to inscribe 10 to 12 linos on the 12.5 nun fia- 


nce on one 


the interfaces. 


Various methods of producing grid lines by mechanical 
and photographic means have been summer ised by Bar ay a [11] . 
Square grids can be drawn using a chaser, which consists of a 
half cylinder on which very sharp threads are cut and hardened. 
It is suggested that a better method is to use a milling cutter 
with threads on its surface. This can be used to produce up to 
45- lines per cm. A sharp cutting tool fitted to a universal 
measuring machine can give grids having 125 lines per centimetre 
(300 lines per inch), lines have been drawn C.025 mm (.001 in.) 
apart, using a Vickers micro hardness testing machine, with a 
micrometer controlled stage beneath it. 


Photolithography can successfully be used to generate 
square grids (up to 100 lines per centimetre). It can be used 
to obtain grids if any other geometry should an experiment 
demand so. 

Por the present work, since 10 to 12 lines per centi- 
metre were deemed sufficient ror the study at hand » a nr^n 
speed steel hacksaw blade, having 12 teeth per centimetre was 
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held on the arbor of a horizontal milling machine with a 
special clamping arrangement devised for this purpose. One of 
the polished halves was rigidly held in a 300 m long mild 
steel semicircular support on the table. The table was raised 
till the sharpened and pointed teeth dug slightly into the 
metal. The table was then transverse! which resulted in marling 
fine even lines on the workpiece. The workpiece was a ain 
polished with alumina powder to ensure that any side flow that 
may have occurred, during the line scratching are removed. 

This method gave workpieces with 12 fine uniform lines neatly 
inscribed on one of the interface, 

3.8 SPLIT DIE 

To draw this lead rod a special split die of high 
carbon steel was made having a die angle (half cone angle) of 
3 degrees. This would result in a reduction of 10 per cent in 
diameter as the effective width of the die was kept equal to 
12.5 mm. Tnis was also confirmed from experimentally measured 
values. If calculated on the basis of area the reduction would 
work out to be 19.86 per cent (approximately 20 per cent). 




Fig, 3*1 Details of the disc dynamometer 
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Fi q. 3-11 Static stress strain curve from 
compression test 
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FIG. 3-12 THE DISC DYNAMOMETER 
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FIG. 3-13 THE DYNAMOMETER SET UP ON THE DRAW BENCH 



C H A P IER-4 


RESULTS AND DISCUSSION 


4.1 PRELIMINARY EXPERIMENTS 

After modifing the lathe as a draw bench and fining 
the dynamometer rigidly on to it, sample lead rods we re 
drawn to find out if the rods could be drawn using tno sos,- 
up at different drawing speeds without necking. It was 
found that up to speeds of about 60 mm per minute no v isioic 
necking occurred but beyond this speed the rod could no o ce 
drawn because of instantaneous neck formation, rue racoraor 
connected to the dynamometer also indicated sufficient 
sensitivity in both the channels. The entire set up appeared 
to perform reasonably satisfactorily below drawing sp^as 
of 60 mm per minute and this speed was therefore oar-- as the 

upper limit. 

Since the speeds were to be obtained oy suitable a car 
combinations, the following four speed steps were considered 
in view of availability : 16.93, 25.4, W.69 and 50.8 is per 

minute. 

The tost sample, having been drawn through the die, was 

separated into two halves end the linos inscribed on one of 

/ -i ^ rn A \ we re examined under a stiauov;— 

the interfaces (halves of tin rcaj 

, . . nation for the spec men turned 

graph# The most suitable magnif ic 



out to be 10 as the entire deformation pattern could be 
brought into focus of the shadow graph field# 

fhe basic requirement of Visioplasticity technique 
is the availability of instantaneous deformation pattern. 

To obtain this* a quick stop mechanism is required to 'freeze* 
the flow pattern inscribed on the work piece# In the present 
set up, this was achieved by suddenly disengaging the carriage 
from the lead screw which provides the motion to the carriage. 
The disengagement was carried out when the output on the 
recorder indicated a constant load, that is, when a steady 
state y/as reached. ^ 

4.1 EXPERIMENTAL CONDITIONS 


The experimental conditions for the present work v.-ere 
as under : 


Work material : Lead (stress- strain curve from compression 

tests is shown in Eig. 3*11) j Diameter t If. 5 mm. 
Pie i (a) Material : High carbon steel. (Manufactured 

from two separate pieces of high carbon steel, 
so that it may be separated into two pieces 
at the dimetral plane). 

(b) Angle : Half angle 5 degrees 


Cone angle 6 degrees 
(c) Effective width : 12.5 mm. 

* i o p r 4 39*69 and 50*8 n mi per niinu/Ge 

Drawing speeds* 16*95, 

Drawing environment? : Dry air • 
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4.3 EXP ERIKSNItAXi RESULTS 


The rods were drawn at four different speeds and their 
steady-state loads were recorded on the strip charts of the 
recorder. Once the steady-state was reached each drawing 
operation was quickly terminated to obtain instantaneous 
dej-ormao ion pattern as depicted by the inscribed grid lines, 
i he following results were obtained at different speeds 


Drawing Speed 
( mm/m in . ) 

16.93 

25.40 

39 .69 

5U.80 


Drawing Force 

(Kg.) 

73.35 
80.02 

88.35 
96 .69 


Separating Force 
( kg • ) 

8 .02 

16.01 

22 .01 

28.01 


The variations of the drawing force and the separating 
force with the drawing speed are shown grapnicaiiy in Fig. 4.1. 
It is clear that botn the drawing and separating forces 
increase with increase in the drawing speeds. The rate of 
increase also appears to be constant in the range of speed 
considered and agrees with the published results [ 12] . 

[ Fig. 4.2 shows a typical deformation pattern obtained 
at the drawing speed of 25.4 mm per minute. This prco was 
obtained directly from the lines inscribed on the work piece 
after it was magnified ten times on a shadow graph, as is 
clearly visible, the plot is 6.0 centimetre at oue inlet 
stage and 5.4 centimetres at the outlet stage, mis works out 
to be exactly 10 per cent reduction in radius .'as it should be 
with a die of half ahgle 3 degrees and 12.5 m effective width. 
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4.4 ANALYTICAL RESULTS 


by tad use of Visioplasticity technique, the complete 


velocity field, 
for rod drawing, 


bne strain rate field and the stress field 
ior a drawing speed of 25.4 mm per minute 


are obtained *a»cL are tabulated in Table II (Page 63), Table III 
(Page 64) and Table IV (Page 65) respectively. Trie graphical 
representation of the drawing stress inside the deforming 
region is shown in Pig. 4.3, 


Using the stress field thus obtained, theoretical 
separating force was evaluated as 15.24 Kgs. as against 
16.01 Kgs. obtained experimentally. 


4.5 DISCUSSION ^ 


To evaluate the strain rate field and from it the 
stress field inside the deforming region of the die an 
analytical method is developed. The details of this method 
are given in Appendix B. By this method, velocity field, 
strain rate field and stress field can be obtained with the 
use of a deformation pattern and an electronic calculator; 
without the use of an elaborate computing system. Altnougn 
four different deformation patterns were obtained for four 
different speeds, only one was chosen for the complete analysis. 

The drawing stress at various sections of "cne die is 
plotted In Fig. 4.3. Vor evaluation of the load constant 
K in equation (Ag.7), is assumed to vary linearly along the 
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length of the die with zero value at the mouth and maximum 
at the exit. It is seen from Fig. (4.3) that the value of o 

z 

increases as the material advances into the die, reaching the 
plastic limit wnere the deformation takes plane, fne maximum 
deforming region is between | th to | th of the total distance 
between the split plane of the rod and the inner surface of 
tne die. This agrees with common reasoning because the 
maximum stress would be between two interfaces where a longer 
time is required to reach the plastic deformation condition 
because of criteria like slip, interface lubrication etc. 

Finally the separating force evaluated by this method 
is in good agreement with the separating force evaluated by 
the method developed. 






Fig. 4-2 10X Defor motion pattern 



F j n . 4 - 3 Variation of drawing stress inside the 



FIG- 4-4 THE EXPERIMENTAL SET UP 
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/ 

CONCLUSIONS 

A viscoplasticity technique for analysing the rod 
drawing process has been proposed. For this analysis the 
required factors are a) the steady state deformation d attorn 
of flow lines, b) the drawing velocity and c) the flow stress* 
The velocity field is obtained by flow function approach 
which is based on the volume constancy condition. The drawing 
force is obtained after numerical solution of the velocity 
field. The forces predicted by this method agree reasonably 
wall with the experimental values. 

The disc dynamometer designed for obtaining the 
experimental values of drawing and separating forces has also 
worked satisfactorily and has such a design that it may be 
used for either rod drawing or wire drawing. 

The technique as used is for axisymnetric drawing of 
isotropic materials. The analysis can, however, be modified 
for anisotropic materials and for cases where drawing force 
is nonuniform either because of draw bench design or non- 
homo genu ity of the material being drawn. Further the sn a lysis 
is limited to plastic sone only and no attempt has been made 
to extend the analysis in the elastic region just at rue- moutn 


of the die 



Tile present work can be extended to study 


various parameters on rod or wire drawing* 
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APPENDIX - A 


A Hindustan centre Lathe LB 17 (manufactured by 
Hindustan Machine Pools Ltd., Bangalore 31 ), was modified 
to work as a draw bench. It had the following specification: 


Height of centre 

Type of bed 

Centre distance 

Swing over bed 

Swing over cross slide 

Bed width over top surface 

Spindle bore 

lap re in bore 

Reducing gear 

Standard range 

Slow range 

Tail stock sleeve dia 
Tail stock taper in bore 
Lead screw pitch 


170 mm 

Straight bed 
1,000 mm. 

350 mm. 

170 mm. 

312 mm 
42 mm 
Metric 50 
1:4 and 1:14 

45-2000 rpm(lG EP/3COO rpn mote) 
23-1000- rpm(7 HP/1500 rpn motor) 
70 mm 

Morse taper no. 4 
6 mm (4 TPI ) , 
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ippson - u 

i'o obtain & velocity field, and then the stresses at 
various sections of the conical die, a numerical met nod was 
developed. inis met nod does not require trie use of an 
elebrate computing system and can evaluate stresses in the 
deforming region with the help of an electronic calculator. 

The grid lines in the deformed region are magnified 
ten times and traced on a graph paper. This fires the 
coordinates of ail the points of various lines with respect 
to the central line ( x-axis ). Tne y axis is one -■sen 
parallel to the entry face of the die. ?or fixed values 
of x(G, 2,4,6 etc. mm) values of the y c ordinates for the 
specific lines are read off. This gives the position of 
the lines in tabular form (Table 1) , * 

The drawing speed of the rod is a known parameter. 

Using volume constancy this velocity is transferred to the 
entry side. The entire mass of tile rod is divided into 
tubes encamp as sed by the lines drawn on the specimen. 

Volume of each of these tubular sections Y ^ at various 
values of x is calculated, using the formula 

V. = u(y?, , . - y? .) x segment length 

x 1+1,3 x , j ~ 

i = o to 6 (or number ox 

JL Xli $ 3 J 

3 = - to 6 (or number of 
segments j 


Refer Rig. 4.2. 
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using volume constancy, velocity in a particular 
section can be evaluated. Since the inclination of the 
mid point line of a particular section is directly measured, 
tne horizontal and vertical velocities at each section can 
be evaluated, Shat is, if velocity at a previous section 
is known the velocity to the immediately next section is 


given by the formula 



( i+l».1 " Ilj -i 

y Li,j + i-y!,3 + i 


) Cos 6 


( ■Ag * ^ J 


i = new velocity, 8 = angle of inclination 
= velocity in the previous section 
i, 3 as in eq. Ag.l 

This directly gives the velocity distribution field 
inside the die, *. A typical velocity distribution for drawing 
velocity of 25,4 mm per minute is shown in Table II. .< 

Evaluation of velocity field by this metnod is unlike 
tne conventional method as the complete velocity field is 
determined from one single steady state deformation pattern. 

Tne main assumption in this metnod is that the increment 
of velocity in each interval is linear, but the average 
velocity in each interval is kept the same. Tne same velocity 
cannot differ mucn from actual velocity, as the errors are 
always of compensating type [ 7] 

Having: obtained the velocity field, tne strain rate 
field inside the split die is obtained numerically. Analysis of 
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TABLE - I 


Tabular representation of the deformed grid lines 



x o 

0 

x l 

2 

X 2 

4 

X 3 

6 

X 

8 

X 5 

10 

x 6 

12 


y 0 

0 

0 

0 

0 

u 

u 

u 

y l 

1.0 

0.90 

0.83 

0.8 

0 . 8u 

0 . 80 

0.80 

y 2 

2.0 

1.9 

1.85 

1.8 

1.72 

1.70 

1.70 

y 3 

3.1 

3.0 

2.9 

2.8 

2.7 

2.68 

2.68 

7 a 

nr 

4.0 

3.85 

3.7 

3.6 

3 .5 

0 .40 

3.45 

y 5 

C • U 

4.85 

4 .68 

4.5 

4.4 

4 .3 

4 .3 

7 A 

vD • 0 

5.8 

5.6 

5.5 

5.45 

5.4 

5.4 


VO O' 
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table - ii 

Tabular representation of velocity field 


X 

(1-0 

0-2 

2-4 

4-6 

6-8 

8-10 

10-12 


V 

18.96 

23.42 

27.54 

29.63 

29.63 

29.63 

29.63 

a 

18.96 

23.41 

27.53 

29.63 

29.63 

29.63 

29.63 

Y 

0 

-0.59 

-0.48 

0 

0 

0 

0 

* 

o 

CD 

I 

> 0 

1.^32 

1.003 

0. *2:3 0 

0 

0 

c 

V 

18.96 

20.31 

20.73 

21.74 

24.35 

25.08 

25. 08 

u 

18.96 

20.29 

20.70 

21.74 

24 . 3 o 

25.08 

25.08 

Y 

0 

-1.01 

— 1 . 04 

-0.43 

-0.12 

0 

0 

O 

o 

CD 

2.862 

3.434 

1. 146 

1 . 146 

0.287 

0 

V 

18.96 

19.47 

21.31 

23.02 

. 4 

24 .62 

24.62 

a 

18.96 

19 .72 

21.30 

23. 00 

24 .38 

24.62 

24.62 

Y 

0 

-0.99 

-0.80 

-0.86 

-1.10 

-0.25 

0 

o 

CD 

1 

) o 

2.862 

2.148 

2.148 

2.577 

0.573 

C 

V 

18.96 

20.90 

22.98 

23.66 

24.37 

25.57 

25. 56 

u 

18.96 

20. 50 

22.94 

23.63 

2 *±.34 

25 . 56 

25.50 

Y 

0 

-1.30 

-1.43 

-1. 18 

-1.22 



Oe°, 

) o 

3.577 

3.577 

2.862 

2.862 

1 . u02 

0 

v 

18.96 

19.58 

20.79 

23.45 

24. 12 

26.04 

26# Qtt 

a 

18.96 

19 . 53 

20.70 

23.39 

24.09 

2b. 02 

26 

Y 

0 

-1.46 

-1.66 

-1.64 

-1.20 

-0.98 

U 

(-9° 

) 0 - 

4.289 

4.574 

4 . 004 

2.862 

2.143 

0 

V 

18.96 

20.75 

22.22 

21.06 

20. 33 

19.71 

19.71 

a 

18.96 

20.67 

22.12 

21.01 

20.32 

19.69 

19.69 

Y 

0 

-1.81 

-2.05 

-1.47 

-0.76 

-0.74 

0 

o 

CD 

i 

) o 

5 . 006 

5.285 

4 . 00-x 

2 . 148 

2.148 

0 


All the velocities are in am per minute. 
All the angles are in degrees. 
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TABLE- III 

Tabular representation of strain distribution 


X 


ili S 1 d .0 Oil Q 

split die 



0-2 

2-4 

4-6 

6-8 

8-10 

10-12 

y 

1.0 

0.9 

0.83 

0.8 

0.8 

0.8 

• 

e . z 

1.06 

1. 06 

1.06 

1.06 

0.0 

0.0 

e r 

0.0 

- 0,23 

- 0.29 

- 0.35 

- 0.22 

- 0.21 

Y zr 

0.0 

- 0.42 

- 0.77 

- 1.16 

- 1.46 

- 1.50 

y 

2.0 

1.9 

1.85 

1.80 

1.72 

1.70 


0.63 

0.63 

0.63 

0.63 

0.63 

0.63 

e r 

0.0 

- 0.23 

- 0.29 

- 0.35 

- 0.22 

- 0,21 

Y zr 

0.0 

- 0.40 

- 0.75 

- 1.14 

- 1.44 

- 1.50 

y 

3.1 

3.0 

2.9 

2.8 

2.7 

2.68 


0.63 

0.63 

0.63 

0.63 

0.63 

0.63 

e *r 

0.0 

- 0,23 

- 0.29 

- 0.35 

- 0.22 

- 0.21 

Y zr 

0.0 

- 0.47 

- 0.82 

- 1.21 

- 1.51 

- 1.50 

y 

4.0 

3.85 

3.7 

3.6 

3.5 

3.45 


0.63 

0.63 

0.63 

0.63 

0.63 

0.63 

<?r 

0.0 

- 0.23 

- 0.29 

- 0.35 

- 0.22 

- 0.21 

v zr 

0.0 

- 0.48 

- 0.83 

- 1.22 

- 1.52 

- 1.50 

y 

5.0 

4.85 

4.68 

4.5 

4.44 

4.3 

• 

e .z 

0,74 

0.74 

0.74 

0.74 

0.74 

0.74 

s r 

0.0 

- 0.23 

- 0.29 

- 0.35 

- 0,22 

- 0.21 

y z r 

0.0 

- 0.51 

- 0.86 

- 1.25 

- 1.55 

- 1.50 

y 

6.0 

5.8 

5.6 

5.5 

5.45 

5,4 

e z 

0.68 

0.68 

0.68 

0.68 

0.68 

0.68 

e r 

0.0 

- 0.23 

- 0.29 

- 0.35 

- 0.22 

- 0.21 

• 

Y 

0.0 

- 0.6 

- 0.95 

- 1.34 

- 1.64 

— 1 * 50 
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table - IV 

Tabular representation of stress distribution 
msiae tne split die 


X 

0 

3 

5 

7 

9 

11 

r 

0.5 

0.45 

0.42 

0.40 

0.40 

0.40 

a 

z 

0.0 

1.70 

1.87 

2.03 

2.21 

2.00 

a 

r 

0.0 

-2.07 

-1.93 

-1.67 

1.38 

1.23 

r 

1.5 

1.40 

1.34 

1.30 

1.26 

1.25 

a z 

0.0 

2.08 

2.36 

2.51 

3.25 

3.30 

a r 

0.0 

-2.12 

-1.61 

-1.09 

.0.55 

0.70 

r 

2.55 

2.45 

2.38 

2.3 

2.21 

2.19 

a 

z 

0.0 

0.98 

0.82 

0.76 

1.47 

1.53 

a r 

0.0 

-3.19 

-3,05 

-2.71 

-1.16 

-1.07 

r 

0 « 00 

3.43 

3.3 

3.2 

3.10 

3.07 

a z 

0.0 

0.80 

0.71 

0.72 

0.58 

0.66 

a r 

0.0 

-3.3 

-3.16 

-2.71 

-2.02 

-1.94 

r 

4.5 

4.35 

4.19 

4.05 

3.95 

3.88 

a z 

0.0 

0.84 

0.77 

0.80 

0.63 

0,74 

a r 

0.0 

-3.16 

-3.03 

-2.73 

-2.10 

-2,03 

r 

5.5 

5.33 

5.14 

5. 00 

4.95 

4.85 

a z 

0.0 

0.83 

0.8 

0.8 

0.7 

0.75 

°r 

0.0 

-1.87 

-1.37 

-1.0 

-0.43 

-0.5 


All the stress are in Eg. per square am. x and r are 
coordinate of intersection of mid— point lines of grid 
lines and vertical lines drawn at equal spacings along 
the x-axis (z-axisj. 



